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The Structural Basis for Metal lon Transport
in the SLC11/NRAMP Family

Cristina Manatschal and Raimund Dutzler*

Abstract: The SLC11/NRAMP proteins constitute a conserved family of metal ion transporters that are expressed
in all kingdoms of life. In humans, the two paralogs DMT1 and NRMP1 play an important role in iron homeostasis
and the defense against pathogens. SLC11 transporters have evolved an exquisite selectivity for transition metal
ions, which facilitates their efficient transport from a large background of Ca?* and Mg?*. This is accomplished by
the evolution of a conserved binding site, which contains besides promiscuous hard ligands, a methionine act-
ing as soft ligand that exclusively coordinates transition metals and thus contributes to the exclusion of alkaline
earth metal ions. This site is altered in a branch of prokaryotic family members, which are capable of transporting
Mg?*, where the removal of the coordinating methionine and the accompanying expansion of the binding pocket
captures this small ion in a hydrated state. The disposition of titratable residues in H*-coupled transition metal
ion transporters, that are absent in uncoupled Mg?* transporters, sheds light on potential coupling mechanisms.
In combination, the discussed work has revealed detailed insight into transition metal ion transport and provides

a basis for the development of inhibitors of DMT1 as strategy against iron overload disorders.
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1. Divalent Cations in Biology

Divalent metal ions play important roles throughout biology,
and they constitute a major fraction of the mineral content of our
body. The two most abundant ions in this respect derive from the
alkaline earth metals calcium and magnesium, both residing in the
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same group of the periodic system. Owing to their high net charge,
both ions strongly interact with either inorganic or organic an-
ions. This property facilitates the formation of stable macroscopic
structures, such as bone, and the interaction with anionic groups
in proteins and nucleic acids to contribute to diverse cellular pro-
cesses. The latter is exemplified by the role of Ca®* in signaling,
muscle contraction and the activation of enzymes!!l and the role of
Mg?* in masking the phosphate groups of nucleotides and nucleic
acids.[?! The distinct chemical features of both ions originate from
differences in their ionic radius and the consequent altered surface
charge density. The smaller Mg** shows increased affinity to wa-
ter, rendering its dehydration energetically costly, which is reflect-
ed in the construction of its molecular interaction sites.[l Besides
Ca? and Mg?, our body also requires other divalent cations that
are part of the region in the periodic system encompassing transi-
tion metals. Transition metal ions of biological relevance, which
include Fe**, Cu**, Zn**, Mn?* and Co?*, share chemical properties
that are not accounted for by a classical description of ions as
charged spheres.[*3! They are distinguished by their incompletely
filled d-orbitals, which allows them to undergo coordinative inter-
actions with free electron pairs of atoms. This property is reflected
in transition metal ion binding sites, which frequently contain sul-
fur and nitrogen as ligands, (67 and it enables Fe** to bind the apolar
oxygen in the transport proteins hemoglobin and myoglobin.[81 A
second feature of certain transition metal ions concerns their abil-
ity to transit between oxidation states, which renders Fe*, Mn?*
and Cu?* versatile cofactors for redox reactions.!! In all cases, the
discussed ions need to be taken up by the organism and distributed
to different organs, which requires their transport across cellular
membranes and their concentration within cells. This process is
to a large extent performed by transmembrane transport proteins.
Metal ion transporters selectively capture their targets and medi-
ate their movement across the low-dielectric environment of the
cell membrane, which creates an impermeable barrier for ions.
The energy required for the intracellular accumulation originates
from the negative membrane potential, which itself facilitates the
concentration of cations, and in certain cases by the coupling to
either ATP hydrolysis or the downhill transport of another ion. In
the framework of the NCCR TransCure, we became interested in
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members of the SLC11/NRAMP family, which catalyze the im-
port of Fe** and Mn?* into the cytosol, powered by the cotransport
of H* serving as energy source.l'% In this short review, we will
focus on the structural basis for ion selectivity and transport in this
ubiquitous protein family, whereas biological mechanisms of Fe?*
transport and associated diseases are covered in an accompanying
article in the same issue. By summarizing recent work by us and
others on the structure and function of family members, we refer
to our activities performed in the context of TransCure.

2. The SLC11/NRAMP Family

Iron uptake in the small intestine either proceeds as free Fe**
or in its complex with heme by different transport proteins located
on the apical side of the duodenum.['9 Within the body, cellular
iron uptake is mediated as a complex of Fe** bound to the carrier
transferrin by receptor-mediated endocytosis.[!!] Divalent metal
ion transporter 1 (DMT1) was identified as the primary transport
system for free Fe?* in 1990.1'2I The protein is part of the con-
served solute carrier 11 (SLC11) family that is expressed in all
kingdoms of life.[!3] In mammals, this family contains a second
paralog named natural resistance-associated macrophage protein
1 (NRAMPI1, SLC11A1)14I that was identified to contribute to the
cellular defense against infections with mutations contributing to
bacterial resistance. Whereas expression of DMT1 (SLC11A2)
is ubiquitous, NRAMP1 is confined to macrophages. In most
cells, both SLC11 family members transport endocytosed iron
from intracellular organelles into the cytoplasm.['9 This process
is powered by the H* gradient generated by the vesicular ATPase,
which also catalyzes the acidification of the vesicle causing the
release of the metal ion from transferrin. Additionally, DMT]1 is
expressed on the apical side of the plasma membrane of entero-
cytes where it directly mediates the cellular import of Fe** from
the intestinal lumen, powered by the H* gradient that exists be-
tween the cytoplasm and the unstirred acidic layer at the surface
of the epithelium.['51 Highly homologous SLC11 proteins are also
found in bacteria, where they are responsible for the uptake of
Mn?* since, in prokaryotes, iron is usually transported as complex
to siderophores by unrelated transporter families.[!6-17] Similarly,
SLC11 family members in plants are responsible for the uptake
of desired trace metals but also for the detoxification of metals
such as Cd?*.118]

3. Functional Properties of SLC11 Transporters

On a functional level, the best characterized family member
is the human transporter DMT1, which was studied following its
overexpression in X. laevis oocytes by electrophysiology and ra-
dioactive transport assays.['2191 These experiments demonstrated
the electrogenic symport of different transition metals coupled
to the cotransport of H*, although the coupling was described as
comparatively weak resulting in accompanying uncoupled trans-
port of either substrate.[20) Among divalent transition metal ions,
the characterized substrate selectivity is comparably broad rang-
ing from Fe?* to Co*" and Mn?".[1921] The transport of Cd** and
Ni?* emphasizes the role of the protein in the undesired uptake of
toxic metal ions. Despite the poor discrimination between transi-
tion metals, Ca?* and Mg** are not transported substrates, although
one study suggests a weak inhibition of metal ion transport by
Ca?* at high mM concentrations.[?2! This strong discrimination is
essential to accomplish the transport of traces of transition metal
ions from a large background of alkaline earth metal ions, which
are several orders of magnitude more abundant. A generally
similar behavior was also found in prokaryotic family members
where transport was either investigated in cellular uptake stud-
ies in case of the Escherichia coli homologue MntH, %! or in vi-
tro for the transporters from the bacteria Staphylococcus capitis
(ScaDMT),[231 Deinococcus radiodurans (DraNRAMP)24 and
Eremococcus coleocola (EcoDMT)[25] following the reconstitu-

tion of purified transporters into propteoliposomes. As for DMT],
transport of different divalent transition metal ions in prokaryotic
homologues proceeded with uM K while Ca** and Mg*" were
excluded.2¢ In such in vitro studies, also the coupled cotransport
of transition metal ions and H* was demonstrated.[?5] The three
prokaryotic homologs ScaDMT, DraNRAMP and EcoDMT used
for the investigation of ion transport in vitro also served as systems
for structure determination.[27]

4. Structural Properties of SLC11 Transporters

The initial breakthrough in the structural characterization of
the SLC11/NRAMP family was reached in 2014 with the elucida-
tion of the ScaDMT structure,[23] followed by several studies on
the proteins DraNRAMPI!28.291 and EcoDMT.[%5! These structures
were all determined by X-ray crystallography, in several cases
as complex with specific immunoglobulin-derived binders, which
acted as crystallization chaperones to improve crystal packing.
In its general organization, the family shares its topology with a
diverse group of transport proteins that lack an obvious mutual
sequence relationship (Fig. 1a). This topology was initially identi-
fied for the prokaryotic amino acid transporter LeuT[30 and later
found in transport proteins for neurotransmitters,i3!! glucose, 32!
osmolytes,33 and ions.[3* The LeuT-fold is distinguished by a
modular organization of pairs of structurally related elements, that
are oriented in the membrane with opposite orientation. In this
organization, the first transmembrane segment of each five-helix
repeat (i.e. o1 and o6) is unwound in its center, with residues in
this region constituting the substrate binding site (Fig. 1a). Be-
sides the described units, SLC11 transporters contain either one
or two additional transmembrane helices at the C-terminus of the
second repeat (Fig. 1a). These transporters operate by an alter-
nate access mechanism, where the protein sequentially adopts
conformations in which the substrate binding site located in the
center of the transporter is alternately exposed to either side of
the membrane via a spacious aqueous cavity, whereas the access
from the opposite side is closed>! (Fig. 1b). Both extreme states
on the transport cycle are connected by intermediate occluded
conformations, where both aqueous cavities are sealed, and the
substrate is tightly coordinated by the protein. By the successive
occupation of the described conformations, the substrates (i.e.,
divalent transition metal ions and H* in the case of SLC11 trans-
porters) access the transporter from one side of the membrane and
are released on the opposite side, leading to a net transport that
is powered by the electrochemical gradients of the transported
cargos. In case of symport, the transporter either cycles in a fully
substrate loaded or in an unloaded state, whereas the conforma-
tional change in partly loaded transporters is energetically unfa-
vorable. However, due to the weak substrate coupling observed
for DMT1, the transition of a partly loaded transporter is prob-
ably still possible.201 Available structures of SLC11 transporters
cover most of the transport cycle including outward-facing,[25-36]
occluded®! and inward-facing states(2328] in absence and pres-
ence of bound substrates, which together provide a glimpse on the
accessible conformational changes (Fig. 1c¢,d). During transport,
a-helices of the two subdomains move in concert, in a process that
was referred to as rocking bundle mechanism.37 In the transition
from the outward- to an inward-facing conformation, a hinge-like
movement of o-helices 4 and 5 and a larger rearrangement of
a-helix 1a opens the cavity that is accessible from the cytoplasm.
At the same time, the outward facing cavity is closed by smaller
movements of o-helices 1b, 2, 6a and 10.1251 The general conser-
vation between the structure of prokaryotic transition metal ion
transporters and human DMT]1 is illustrated in their interaction
with benzyl-bis-isothiourea compounds, which have been identi-
fied to inhibit both classes of transporters by occupying the cavity
leading to the substrate-binding site in the outward-facing confor-
mation of the transporter.[26]
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Fig. 1. SLC11 structures. a) Topology of an SLC11 transporter. The two structurally related units, consisting of five membrane spanning o-helices
each, are colored in orange and blue, additional helices following the second repeat in magenta. The black sphere indicates a bound transition metal
ion. b) Schematic representation of major conformations on the transport cycle. c-e) Ribbon representation of prokaryotic SLC11 transporters in in-
dicated conformations. The coloring is as in a. c) Structure of EcoDMT (PDBID 5M87) in an outward-facing conformation. d) Structure of DraNRAMP
(PDBID 6C3l) in an occluded conformation. e) Structure of ScaDMT (PDBID 5M95) in an inward-facing conformation. c,e) Surface of the aqueous

cavity leading to the substrate binding site is displayed as black mesh.

5. Transition Metal lon Selectivity

The described structures of prokaryotic homologs have re-
vealed the basis of the selectivity of SLC11 transporters for tran-
sition metal ions. Structural studies have benefitted from the abil-
ity to specifically detect metal ions in crystal structures, via their
anomalous scattering properties.23] Such experiments have aided
the identification of a selective binding site located in the center of
the transporter, where the bound ion is directly coordinated by the
backbone and side-chains of residues that are highly conserved in
family members operating as transition metal ion transporters(23]
(Fig. 2a, b). In this site, the ion has lost most of its hydration
shell and is instead tightly surrounded by the protein. Residues
contacting the bound substrate can be divided into soft and hard
ligands based on the chemistry of their interaction. Hard ligands
carry negative full- or partial charges and their interaction with the
bound divalent transition metal ion is dominated by electrostat-
ics. These ligands usually contain oxygen atoms and, in case of
the SLC11 transporters, include a conserved aspartate located at
the unwound part of a1, an asparagine on the same helix and the
free backbone carbonyl oxygen at the C-terminus of o-helix 6al23]
(Fig. 2b). In the occluded conformation of DraNRAMP, an ad-
ditional glutamine side-chain located on .10 has moved towards
the bound ion to complete its octahedral coordination!3¢! (Fig. 2c).
All described residues are similarly suited to interact with divalent
metal ions, and they are thus not expected to be capable of distin-
guishing between alkaline earth metal and transition metal ions.
In contrast to hard ligands, the interaction with soft ligands, which
donate free electron pairs to interact with partly filled d-orbitals,
is a unique property of transition metal ions that would allow
for a discrimination against alkaline earth metals.?* In case of
SLC11 transporters, soft ligand-interactions are mediated by the

free electrons of the thioether of a conserved methionine residue
located on the unwound part of a-helix 6b, which is in direct con-
tact with the bound ion.[?3! Consequently, the transition metal ions
Mn?*, Fe**, Co**, Ni** and Cd** were found to bind to the described
site whereas Ca** does not23! (Fig. 2d-f). The role of this residue
in the selection against alkaline earth metals is further illustrated
by a mutant of the methionine to alanine, which generates a trans-
porter that is still capable of transporting transition metal ions but
where Ca?* has now also become a transported substrate, whereas
the smaller Mg?* is still excluded.[24.38]

6. SLC11 Transporters with Altered Selectivity

Whereas the exquisite selectivity properties for transition met-
als of the bulk of SLCI11 transporters is reflected in the strong
conservation of their metal ion binding site, there are two clades
of the family with distinct substrate preference (Fig. 3a). A large
and distant branch of the family expressed in prokaryotes has
evolved a capability for Mg?* transport and was termed NRMT
(for NRAMP related Mg?* transporters).31 A smaller branch in
plants was shown to transport the trivalent ion AI**1 which is
found in acid soils and whose accumulation inside cells is toxic
owing due to the strong Lewis acidity of the trivalent ion. Both
ions are distinguished by their small radius and consequent high
surface charge density, which renders them particularly challeng-
ing targets for membrane transport. The deviation in the substrate
preference from classical SLC11/NRAMP transporters is reflect-
ed in the difference in the residues constituting the described met-
al ion binding site, where the negatively charged aspartate on o.1 is
the only conserved residue of the site, whereas the methionine on
06 is replaced by either an alanine or a threonine (Fig. 3a). Since
the mere introduction of the NRMT binding site into a classical
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Fig. 2. Transition metal ion binding site. a) Ribbon representation of ScaDMT adopting an inward-facing conformation with anomalous difference
density defining the position of a bound Mn?* ion (black mesh). b) Blow-up of the ion binding site in the inward-facing conformation of ScaDMT with
coordinating interactions indicated by dashed lines. The figure shows conserved residues providing hard ligands (Asp and Asn on o1 and a back-
bone carbonyl on 06) and a Met on 06 acting as soft ligand for transition metal ion interactions. a,b) Asterisks mark equivalent positions. c) lon inter-
actions in the occluded conformation of DraNRAMP showing equivalent coordination as in b and an additional interaction with a Gln on 10, which
has moved towards the ion upon the change of conformations. d) lon binding region of the protein crystallized in presence of Ca®* in absence of
transition metal ions shows no ion binding to the site. e) The same region collected from a crystal soaked in Mn?* shows ion binding, which is further
illustrated in the anomalous difference density (black mesh). d,e) Cyan mesh displays the 2F -F_density of the respective structures. f) Anomalous
difference densities (colored mesh) observed in data collected from crystals soaked with indicated metal ions. b—f) The protein is displayed as Co-
trace with side-chain and main-chain groups interacting with the ion shown as sticks.

NRAMP transporter was insufficient to confer the capability of
Mg?* transport,[38] it became obvious that properties of the protein
beyond the immediate coordinating residues are required to alter
the selectivity sufficiently to permit Mg?* transport. These require-
ments were revealed by the characterization of the NRMT from
the bacterium Egerthella lenta called EleNRMT.[38 Whereas this
protein is capable of transporting Mn>* with micromolar affinity,
it also transports Mg?* but not Ca*". A study combining data from
cryo-electron microscopy (cryo-EM) and X-ray crystallography
has defined the basis for the altered selectivity properties.[381 This
preference is manifested in the structure of the transporter in an
inward-facing conformation defined by cryo-EM at high resolu-
tion, where the binding of the transported Mn** was demonstrated
in complementary X-ray data at lower resolution, exploiting the
anomalous scattering properties of the bound substrate (Fig. 3b,
¢). Although in its general architecture, the protein shows similar
overall features with selective transition metal ion transporters
of the same family, the volume of the substrate binding site is
considerably expanded to permit the binding of a Mg>* ion still
containing most of its inner hydration shell, thereby avoiding its
full dehydration, which would be energetically costly38! (Fig. 3d).

7. Proton Coupling

A conserved property of classical SLC11/NRAMP transport-
ers but not of NRMTs concerns the coupling of metal ions to the
symport of H* acting as energy source.[202538 Whereas a negative
membrane potential itself allows a concentration of the positively
charged substrate inside the cell (by a factor of ~170 for a divalent
cation at a membrane potential of =70 mV), the coupled down-
hill transport of protons along a pH gradient that is established
by the acidic environments in the lumen of endosomes and the
unstirred layer at the surface of enterocytes, permits a further ac-
cumulation of the scarce metal ion. Unlike the defined location
of metal ion binding sites, H* can be accepted and released by
numerous titratable groups of a protein at appropriate pH values
and conducted over larger distances within the protein via proton

wires consisting of proximal proton-accepting residues and water
molecules. The abundance of such titratable groups complicates
the localization of residues involved in H* transport. In case of
classical NRAMP transporters, H* transport was associated with
two conserved histidine positions located intracellular to the metal
ion binding site on o-helix 6b,[*!] the metal coordinating aspar-
tate and a chain of charged residues located in a narrow conduit
separate from the intracellular ion exit pathway that connects
the binding site to the intracellular solution(252936] (Fig. 4a). The
latter was also proposed based on a study combining computer
simulations and electrophysiology performed in the context of the
NCCR TransCure.[*2 Mutations in several residues have compro-
mised coupling thus rendering their involvement in H* transport
plausible.[25-28:43] Interestingly, the described ai6b His residues are
absent in NRMTs and the charged tunnel observed in the struc-
tures of prokaryotic NRAMPs was found to be filled with hydro-
phobic residues in EIeNRMT (Fig. 4b). Together these features
coincide with the observed lack of coupled proton transport of
EleNRMT?DB8I and thus support the involvement of the described
residues in H* conduction.

8. Conclusions

The combination of structural and functional approaches has
over the last few years provided important insight into the trans-
port mechanisms of SLC11/NRAMP proteins, 2”1 which consti-
tute an important family of transition metal ion transporters that
is involved in the uptake of Fe?* into the human body and whose
regulation was suggested as promising strategy against iron stor-
age diseases.[*4l These studies revealed how SLCI11 transporters
efficiently select transition metal ions from a large background
of Ca* and Mg?* and concentrate these trace elements in the cell
by the cotransport of H* serving as energy source. Investigations
on the distantly related NRMTs illustrate how the same fam-
ily has evolved a different selectivity to facilitate the uptake of
Mg, which requires altered binding properties.!38! Although past
studies have focused on prokaryotic homologs, they now can be
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Fig. 3. Structural properties of an NRMT. a) Schematic depiction of the phylogenetic tree of the SLC11 family with different clades indicated as col-
ored balloons and the sequence of the consensus binding site shown. b) Ribbon representation of EleNRMT (PDBID 7QIA) in an inward-facing con-
formation. c) lon binding region of EIleNRMT with anomalous difference density of bound Mn?* defining the ion binding site of the protein, which is
located in an equivalent position as in ScaDMT. d) Close-up of the ion binding site of EIleNRMT interacting with a hydrated Mg?* ion, whose position
was defined by the anomalous density of Mn?*. The surrounding water molecules are modeled. Mg?* ions and water molecules are shown as grey
and red spheres, respectively. b,d) The molecular surface of the pocket leading to the ion binding site is shown in grey.
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Fig. 4. Putative H* coupling mechanism. a) Schematic drawing of a bifurcated putative H* release pathway towards the cytoplasm in the inward-fac-
ing conformation of coupled transition metal transporters (left) and structure of the equivalent region of ScaDMT (right). b) Corresponding region in
an uncoupled NRMT Mg?* transporter with structural elements of EleNRMT shown on the right. a,b) Equivalent positions are labeled. 2 corresponds

to a conserved His in coupled NRAMP transporters that is replaced by a Trp in EIleNRMT.

extended towards mammalian family members to characterize
the structural and functional differences between the two human
SLCI11 paralogs and their interaction with accessory proteins that
might assist in the transport of these reactive substrates in a cel-
lular environment. The described findings can also be exploited
for the development of molecules targeting the transporter to over-
come debilitating iron overload disorders.
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